Ground glass hepatocytes (GGHs) have been shown to predict the development of hepatocellular carcinoma (HCC). Type I GGH and type II GGH harbor hepatitis B virus (HBV) pre-S1 and pre-S2 deletion mutants, respectively. Whether anti-HBV therapy can inhibit the expression of GGHs and potentially reduce HCC development is explored in this study. Two sets of liver specimens were included: the first contained 31 paired biopsy specimens obtained from chronic HBV patients receiving oral nucleos(t)ide analogue (NA) treatment; the second contained 186 resected liver tissues obtained from HBV-related HCC patients receiving surgery: 82 received NA before surgery and 104 did not. Compared with the baseline biopsy specimens, type I (P=0.527) and type II GGH (P=0.077) were not significantly decreased after 48 weeks of NA treatment in the first set of patients. In the second set, despite suppression of viral load (P<0.001) and periportal necrosis (P=0.006) in treated patients, GGH (P=0.594), cccDNA (P=0.172) and serum pre-S mutants (p=0.401) were not significantly suppressed. A significant decrease of type I (P=0.049) and type II GGH (P=0.029) could only be observed in patients after long duration of treatment (median duration: 4.3 years). In the treated patients, the persisted type II GGH remained an independent variable associated with decreased local recurrence-free survival of HCC (P=0.019) as in nontreated patients (P=0.001). In conclusion, the persistence of GGHs could explain the residual risk of HCC development under anti-HBV treatment. Therefore, intrahepatic GGHs and pre-S mutant are potential additional targets for HCC prevention in patients already receiving anti-HBV treatment.
INTRODUCTION
The majority of hepatocellular carcinoma (HCC) cases are attributable to either hepatitis B virus (HBV) or hepatitis C virus (HCV) infection. Oral nucleos(t) ide analogues (NAs), including lamivudine, adefovir, entecavir, telbivudine, tenofovir are currently used to treat chronic HBV infection [1] . Early observations revealed that NA treatment not only significantly reduces the incidence of HCC [2] but also lowers HCC recurrence rate [3] . The reason NAs reduce the risk of HCC is not clear. The most likely explanation may be that NAs decrease the viral replication and thus decrease the liver injuries, inflammation, and regeneration. Short-term treatment could result in the suppression of viral replication and improvements of liver necroinflammation. Long-term treatment for at least 3 years could result in no worsening of the Knodell fibrosis score in most patients [4] . Although NAs are effective to suppress HBV replication and reduce HCC development, a high proportion, up to 45%, of patients still suffered from HCC recurrence after surgery despite anti-HBV therapy [3] . The intrahepatic covalently closed circular DNA (cccDNA) was found to persist after oral antiviral NA [5] , explaining the persistence of HBV infection.
To guide future anti-viral treatment and HCC prevention, it is important to understand the response of intrahepatic viral status and liver pathology to current anti-HBV treatment. Recently, ground glass hepatocytes (GGHs) harbor pre-S deletion mutants have been reported to represent the pre-neoplastic lesions and can predict the development of HCC [6] [7] [8] [9] . There are two types of GGHs. Type I GGHs contain pre-S1 deletion mutants and usually exhibit a globular or inclusion-like HBsAg staining pattern in the cytoplasm and scatter sporadically in liver lobules; whereas type II GGHs contain pre-S2 mutants, exhibit a marginal HBsAg staining pattern in the cytoplasm and consistently cluster in groups [10] . The pre-S mutants are retained in the endoplasmic reticulum (ER) of GGH and induce ER stress-dependent response signals and HCC development [6, 7, 11, 12] . Therefore, whether antiviral therapy can effectively suppress the expression of GGHs or pre-S mutation is a critical question to be clarified. Answering this question would help us to understand the underlying mechanism of HCC development or de novo HCC recurrence in patients already receiving anti-viral treatment.
In this study, we evaluated the effects of anti-HBV treatment on the expression of intrahepatic GGHs using two sets of liver specimens. The first set contained paired liver biopsies from 31 patients receiving oral NA treatment. The second set consisted of resected liver specimens obtained from 186 HBV-related HCC patients receiving surgery. Besides GGHs, serum pre-S mutation status and the intrahepatic expression of cccDNA, HBV antigens, necroinflammation and fatty liver disease in the nontumorous liver of HCC patients were simultaneously studied.
RESULTS

GGHs resisted NA treatment in paired biopsy samples
We first confirmed the resistance of GGH to NA treatment in patients with paired liver biopsy samples. There were 29 men and 2 women, and the mean age of all patients was 34.7 years (range: 18.4~54.3 years). Ten patients received entecavir, eight patients received adefovir and 13 patients received lamivudine. Patient profiles are summarized in Supplementary Table 1 cccDNA and GGHs were not significantly decreased in HCC patients with pre-surgical anti-HBV treatment
We then studied the potential long-term resistance of GGHs to NA treatment in 186 HCC patients. The 186 patients were divided into anti-HBV non-treatment group (N=104) and treatment group (N=82) according to the drug history of anti-HBV agents before surgery. There was no significant difference in age, sex, HBeAg status and tumor stage between the two groups (Supplementary Table  2 ). In the treatment group, all cases received NA and only one patient ever received additional pegylated interferon (Peg-IFN) (Supplementary Table 3 ). Most of the cases (N=72) received Entecavir, either from the beginning (N=58) or following other agents (N=14). The medium duration of pre-surgical treatment was 1.65 years (range, 2.4 weeks to 11 years).
NAs successfully suppressed viral replication as serum viral load at the time point of surgery was significantly lower in treatment group than non-treatment group (P<0.001) ( Figure 3A and supplementary Table 2 ). However, tissue cccDNA was not significantly suppressed (P=0.172) ( Figure 3B ). Serum HBsAg was marginally suppressed (P=0.050) ( Figure 3C ).
Type I GGH, type II GGH and HBcAg expression were seen in 69.2%, 59.6% and 17.3% in non-treatment group and in 68.3%, 63.4% and 18.3% in treatment group, respectively. GGH was not significantly suppressed by NA (P=0.594, P=0.811 and P=0.376 for total GGH, type I GGH and type II GGH, respectively) ( Figure  3D ). Periportal necrosis score (P=0.006) and total necroinflammatory score (P=0.047) were significantly lower in treatment group ( Figure 3E ). Fatty liver disease www.impactjournals.com/oncotarget also showed no significant difference between these two groups (P=0.433 and P=0.604 for fatty change and NASH activity, respectively) ( Figure 3F ). Representative histological pictures from a patient without NA treatment (Supplementary Figure 1) , a patient with 1.7 years of treatment ( Figure 4A~4C ) and another patient with 4.3 years of treatment ( Figure 4D~4F ) showed that type I GGH and type II GGH could persist under NA treatment.
The inhibitory effect of oral nucleos(t)ide analogue on GGHs could only be observed in patients with long duration of treatment
We investigated the duration of pre-surgical anti-HBV therapy in affecting serum markers and liver pathology. The parameters were plotted according to different years of NA treatment to estimate the treatment effects (Supplementary Figure 2) . The viral load showed a significant rapid drop within first year of treatment (P<0.001) (Supplementary Figure 2A) while the cccDNA, serum HBsAg, GGH and portal inflammation showed a slow decline (Supplementary Figure 2B-F) . We thus separated the treated cases into 3 groups according to the duration of pre-surgical anti-viral treatment: 25 patients had short duration of treatment for less than one year (median duration of treatment: 4.6 months, range: 0.6~10.8 months), 35 patients had medium duration of treatment for more than one year but less than 3 years (median duration of treatment: 1.7 years, range: 1~2.9 years) and 22 patients had long duration of treatment for more than 3 years (median: 4.3 years, range: 3~11 years) (Supplementary Figure 3) . The tissue cccDNA and serum HBsAg level was not significantly lower in patients with longer duration of treatment (P=0.624 and P=0.686, respectively) (Supplementary Figure 3A and 3B). Type I GGH, type II GGH, total GGH and portal inflammation were significantly lower with longer duration of treatment (P=0.049, P=0.029, P=0.025 and P=0.030, respectively) (Supplementary Figure 3C and 3D ). Post-hoc tests showed the significant differences present between patients with more than 3 years of treatment and those with less than 1 year of treatment (P=0.040, P=0.033, P=0.022 and P=0.042, respectively). The fatty liver disease was not significantly lower in patients with longer duration of treatment (Supplementary Figure 3E) .
GGHs were not significantly associated with ALT, Child-Pugh score, albumin and total bilirubin in both non-treatment group and treatment group (Supplementary Figure 4 and 5). In the treatment group, type I GGH and II GGH were significantly associated with serum HBsAg level (P=0.006 and P=0.025, respectively). Type I GGH and type II GGH had borderline associations with cccDNA (P=0.065 and P=0.097, respectively). HBcAg staining was positively associated with viral load (P=0.035) (Supplementary Figure 6) . For necroinflammation, type I and type II GGH were significantly associated with portal inflammation (P=0.002 and P=0.009, respectively). HBcAg staining was positively associated with periportal necrosis (P=0.002), intralobular necrosis (P=0.043) and portal inflammation (P=0.007) (Supplementary Figure 7) .
Pre-S mutation rate was not significantly different between non-treatment group and treatment group
Since type I GGH and type II GGH contain Pre-S deletion mutant in the liver tissue, we also investigated the pre-S mutation status in serum. Pre-S deletion mutation was detected in 35.9% of patients: 9.2% had pre-S1 mutation, 19.1% had pre-S2 mutation and 7.6% had mutations both in pre-S1 and pre-S2 region. The pre-S mutation status was not different between nontreatment group and treatment group (P=0.317, P=0.943 and P=0.401 for pre-S1, pre-S2 and total pre-S mutation, respectively) (Supplementary Figure 8A) . In treatment group, pre-S mutation was detected in 46.2%, 33.3% and 14.3% of patients with less than one year, 1~3 years and more than 3 years of treatment, respectively. However, the differences were not significant statistically (P=0.859, P=0.369 and P=0.203 for pre-S1, pre-S2 and total pre-S mutation, respectively) (Supplementary Figure 8B) .
Prognostic significance of GGH patterns, HBV serum profiles and clinicopathological indicators for patients with HCC
Kaplan-Meier analysis in patients with complete tumor resection showed that type I GGH has a marginal significance in association with decreased local recurrence-free survival (LRFS) (P=0.099) (data not shown) and type II GGH were significantly associated with decreased LRFS (P=0.002) ( Figure 5A ) and decreased overall survival (OS) (P=0.029) ( Figure 5B ). There is no significant difference in LRFS between nontreatment group and treatment group (P=0.279). De novo recurrence arisen from underlying diseased liver usually occurs as late tumor recurrence [13] . The type II GGH was significantly associated with late recurrence (P=0.003) but not early recurrence (P=0.088) ( Figures 5C and 5D Table 4) .
We further analyzed the 98 patients without pre-surgical anti-HBV drug treatment and 69 patients with pre-surgical anti-HBV drug treatment, separately. Kaplan-Meier analysis showed that type II GGH was significantly correlated with decreased LRFS in both non-treatment group (P=0.036) ( Figure 5E ) and treatment group (P=0.017) ( Figure 5F ). Further analysis showed that type II GGH was associated with late recurrence in non-treatment group (P=0.041) ( Figure 5G ) and treatment group (P=0.013) ( Figure 5H ) but not early recurrence. The GGH was not associated with OS when analyzed separately. In the non-treatment group, multivariate analysis revealed that pre-S1 mutation (P=0.001; OR = 4.553; 95% CI, 1. 
DISCUSSION
Antiviral treatment has been shown to reduce the incidence of HBV associated HCC (reduced from 9.7 to 3.3 per 100 person years in one meta-analysis study) [2] but there is still residual risk of HCC development despite anti-HBV therapy. Since GGH is one of the factors that are responsible for hepatocarcinogenesis, we wanted to investigate whether antiviral treatments can suppress GGH formation in patients with chronic HBV infection. We demonstrated for the first time that GGHs in the liver tissue resist to NA treatment despite suppression of HBV replication, necroinflammation and HBcAg. Most patients with paired biopsy in our study were serum HBeAg-positive and in the active viral replication with immune response stage while most patients with HCC were serum HBeAg-negative and in the low viral replication stage. Although GGHs were less prevalent in active viral replication stage, the resistance of GGHs to NA treatment was seen in both stages. The type II GGHs were even marginally increased (P=0.077) after 48 weeks of treatment in the paired biopsy cohort, suggesting that the formation of GGHs in this stage were not inhibited under NA treatment.
The intrahepatic cccDNA and serum pre-S mutation rate also showed no significant reduction under NA treatment. Moreover, a low-grade portal inflammation, indicating a chronic persistent hepatitis pattern, persisted in association with GGHs in HCC patients. GGHs and portal inflammation were only observed to significantly decrease in patients receiving long duration of NA treatment (median duration of treatment: 4.3 years). These findings suggest that the viral oncoproteins can be continuously produced in the liver for years under NA treatment, presumably using cccDNA or integrated HBV genome as the template [14, 15] . The type II GGH was significantly associated with decreased LRFS, especially late recurrence in both nontreatment group and treatment group, suggesting that the long-term resistance of GGHs may act as part of the cancer field effect and contribute to the remaining risk of HCC incidence or de novo HCC recurrence in patients already receiving anti-viral treatment.
Distinct from oral NAs, Peg-IFN has been shown to effectively suppress cccDNA and reduce serum HBsAg level [15, 16] . Only one case in this study cohort had been treated with Peg-IFN in addition to long-term NA (supplementary Table 3 ). His liver at the time of surgery contained a low level of type I GGH (score 1) and type II GGH (score 1). More cases are needed to clarify the inhibitory effect of combined nucleoside analogue and Peg-IFN treatment. Recently, lymphotoxin-β receptor (LTβR) and downstream APOBEC3 cytidine deaminase pathway has also been proposed to be an alternative mechanism to specifically degrade cccDNA [17] . Therefore, combining NA and drugs that degrade cccDNA, such as Peg-IFN and LTβR activator to accelerate GGH elimination and reduce HCC development or recurrence is worth further investigation. By observing GGH in liver tissue or developing a method to specifically measure the serum level of pre-S mutant form could help us identify a subpopulation of patients who need the combined therapy. Furthermore, the response of intrahepatic GGH could be used as a marker to evaluate the efficacy of future treatment strategy.
Compared with the relatively rapid HBV replication suppression, it is unexpected to note that a low-grade portal inflammation was observed after long duration of NA treatment in the HCC patients (Supplementary Figure 2F and 3D) . HBV carcinogenesis may include two mechanisms: host anti-viral immune response and viral oncoprotein expression and insertional mutagenesis [18] . The host immune response is associated with CD8-mediated liver injury, resulting in necrosis, fibrosis and regeneration which may prevail at the early stage of HBV infection. As the disease progresses, viral oncoproteindriven tumorigenesis pathways take place when there is low or no viral replication. The HCC cases represent late stage of natural history of HBV infection. Persistent HBcAg expression may explain only a small proportion (18.3%) of patients with necroinflammatory activity in the treatment group. Portal inflammation decreased in parallel with GGH under NA treatment. It is plausible that the persistent viral proteins, especially pre-S1 mutant in type I GGH may drive the host immune reaction in the low viral replication stage.
MATERIALS AND METHODS
Patients, samples and clinicopathological data
In the first set, thirty-one treatment-naïve chronic hepatitis B patients with paired liver biopsy samples at baseline and at week 48 of NA treatment at National Cheng Kung University Hospital (NCKUH) were included (Supplementary Table 1) .
For treatment effect of NA on GGHs in HCC stage, the second set consisted of 186 consecutive patients who had HBV-related HCC underwent surgery at NCKUH from January 2009 to April 2014. Nine patients received liver transplantation and 177 patients received surgical resection. Patients with combined HCV infection were not included. Samples were retrieved from the Human Biobank at NCKUH. The clinicopathological records were collected including the type and duration of anti-HBV therapy before the time point of surgery. The patients were divided into anti-HBV non-treatment group and treatment group according to the drug history of anti-HBV agents before surgery (Supplementary Table 3 ). Serum samples that were obtained at the time point of surgery were analyzed for HBV viral load, HBsAg level and pre-S mutant status. Archival frozen or paraffin samples of non-tumorous liver parenchyma from each patient were analyzed for cccDNA, pattern of GGHs, HBsAg staining, HBcAg staining, Knodell necroinflammatory and fibrosis score [19] , and fatty change. Knodell periportal necrosis score, intralobular necrosis score and portal inflammatory score were added for a total necroinflammatory score.
The severity of fatty change was evaluated with grades from 0 to 3 corresponding to the percentage of fatty change in <5%, 5%~33%, 33%~66%, and >66% of the liver parenchyma. Steatohepatitis activity was evaluated by Brunt system [20] . To evaluate prognostic significances of GGH and pathologic parameters on local tumor recurrence and survival, the 9 patients with liver transplantation and 10 patients with persisted tumor after resection due to positive surgical margins were excluded. The remaining 167 patients were included. 
Immunohistochemical analysis
Immunohistochemistry was performed on 5-μm-thick formalin-fixed paraffin-embedded sections. AntiHBsAg (T9, Neomarkers) and anti-HBcAg (LF161, Novocastra) were used as the primary antibodies. The procedures were done with the Benchmark XT autostainer (Ventana Medical Systems Inc., Tucson, USA). Deparaffinized sections were incubated with anti-HBsAg at room temperature for 16 min or anti-HBcAg at 37°C for 12 min. Subsequently, sections were visualized by an aminoethyl carbazole substrate kit (Zymed Laboratory, Inc, San Francisco, CA) or the Ultraview Universal Alkaline Phosphatase Red Detection Kit (Ventana). Counterstaining was carried out with hematoxylin. The GGH patterns in non-tumor part liver parenchyma were classified as follows: type I GGH pattern with strong, globular, or ''inclusion-like'' staining (Supplementary Figure 1A and 1B); and type II GGH pattern identified as hepatocytes with dense surface antigen staining at the cell margin or periphery (Supplementary Figure 1C and 1D) [8] . For HBcAg staining, both cytoplasmic staining and nuclear staining were considered positive. The percentage of immunostaining or the GGH patterns were determined manually by the consensus of 2 separate pathologists (H.-W.T. and I.-J.S.) who were blinded to the clinical outcomes at the time of review. A semi-quantitative expression scoring system modified from a previous study [8] was used with scores from 0 to 5 corresponding to the percentage of positive immunostaining in 0%, <5%, 5% to 9%, 10% to 29%, 30 to 59% and ≥60% of hepatocytes, respectively.
HBV viral load and HBsAg quantification in serum
Serum HBV viral load was determined using the TaqMan polymerase chain reaction assay (COBAS AmpliPreP/CoBAS TaqMan HBV Test, Roche Molecular System, Branchburg, NJ [lower limit of detection, 20 IU/ mL]). Serum HBsAg was quantified using the Abbott Architect HBsAg Assay (Abbott Laboratories, Sligo, Ireland) according to the manufacturer's instructions.
Quantification of HBV cccDNA using real-time PCR
Fifty-three fresh frozen non-tumor part liver tissue samples of HCC patients were available for cccDNA analysis. HBV cccDNA quantification was performed using Roche LightCycler system. The primers and probe set were adopted from Chen Y et al [21] . The PCR program consisted of an initial denaturing step at 95 for 10 min, followed by 45 amplification cycles at 95 for 10 sec, 55 for 20 sec and at 72 for 20 sec.
Pre-S mutation detection in serum
One hundred and thirty-one HCC patients had available serum for pre-S analysis. Serum (200ul) was used for DNA extraction with QIAamp DNA Mini kit (QIAGEN, Germany). The polymerase chain reaction (PCR), TA cloning and detection of pre-S mutation using the Pre-S Gene Chip were previously described in our study [22] . DNA sequencing for pre-S mutations was also performed to validate the chip data.
Statistics
The differences between two paired groups were compared by using Wilcoxon signed ranks tests. The differences between two groups were compared by using Wilcoxon rank sum tests, chi-square test or Fisher's exact test as appropriate. The differences among patients with different treatment durations were compared using Kruskal-Wallis and Dunn's post-hoc tests. The correlations were calculated using Spearman correlation. The LRFS and OS rates were calculated by using the Kaplan-Meier method, and the log-rank test was used to assess the significance between groups. Cox proportional hazards regression models with a forward stepwise selection www.impactjournals.com/oncotarget method were used to assess the independence of different factors, and only those prognostic variables that had P values <0.05 in univariate analysis were included in the model. Values of p less than 0.05 were considered statistically significant.
CONCLUSIONS
NA treatment cannot effectively reduce the cccDNA and pre-S mutation rate and only slowly suppresses GGH which still drive HCC tumorigenesis in patients already receiving NA treatment. Therefore, combining long-term NA treatment and novel drugs to inhibit cccDNA, pre-S mutants and GGH is needed to prevent HCC development or de novo recurrence.
